Although saliva is widely recognized as a primary source of carbon and nitrogen for growth of the dental plaque biofilm community, little is known about how different oral bacteria utilize specific salivary components. To address this question, 32 strains representing 16 genera commonly isolated from early plaque biofilms were compared for growth over two transfers in stimulated (by chewing Parafilm) whole saliva that was stabilized by heat treatment and dialysis. The cell densities, measured by quantitative PCR (qPCR), ranged from ϳ1 ؋ 10 6 to 1 ؋ 10 7 /ml for strains of Streptococcus gordonii, Streptococcus oralis, and Streptococcus mitis and one strain of Streptococcus sanguinis. Strains of Streptococcus mutans, Gemella haemolysans, and Granulicatella adiacens reached ϳ1 ؋ 10 5 to 1 ؋ 10 6 /ml. In contrast, little or no growth was noted for three other strains of S. sanguinis, as well as for strains of Streptococcus parasanguinis, Streptococcus salivarius, Streptococcus vestibularis, Streptococcus sobrinus, Actinomyces spp., Abiotrophia defectiva, and Rothia dentocariosa. SDS-PAGE, lectin blotting, and two-dimensional gel electrophoresis of saliva from cultures of S. gordonii, S. oralis, and S. mitis revealed species-specific differences in the degradation of basic proline-rich glycoproteins (PRG). In contrast, saliva from cultures of other bacteria was indistinguishable from control saliva. Species-dependent differences in the utilization of individual host sugars were minor. Thus, differences in salivary glycan foraging between oral species may be important to cross-feeding and cooperation between organisms in dental plaque biofilm development.
D
ental plaque biofilm development involves an array of specific interactions between bacteria and saliva, beginning with the attachment of early colonizers, including Streptococcus sanguinis, Streptococcus oralis, Streptococcus gordonii, and Streptococcus mitis, through binding to salivary components in the acquired enamel pellicle (1, 2) . While interbacterial adhesion (i.e., coaggregation) between these pioneers and other bacteria enhances species diversity in the nascent biofilm (3), community maturation depends primarily on the growth of different closely associated bacteria (4, 5) . Growth of bacteria, measured as an increase in optical density (OD), was noted in saliva inoculated with dental plaque (6) but not in saliva inoculated with monocultures of Streptococcus spp. and Actinomyces spp. unless glucose was added as a carbon source (7) . However, growth of S. gordonii DL1 to cell densities below those measurable by OD (i.e., ϳ10 7 CFU/ml) has been observed in 25% saliva without added glucose (8) . This growth, which presumably depends on salivary glycan foraging, has not been correlated to catabolism of specific substrates in saliva. In this regard, metabolic activity of bacteria was observed during incubation of fresh dental plaque in the presence of MUC5B but not in similar experiments performed with individual plaque isolates of S. oralis or S. gordonii (9) .
Several oral streptococci have been found to grow on 1% pig gastric mucin (10) , and a few are known to grow on 0.5% human serum ␣1-acid glycoprotein (11) . Observations made in studies with these model glycoproteins include elevated cell surface glycosidase and sugar phosphotransferase activities in Streptococcus intermedius (12) , as well as in consortia (13) , when grown on glycoprotein rather than on glucose. Sialidase-dependent sequential removal of sugars from N-linked glycan chains by S. oralis (14) and cooperative degradation of mucin by mixed cultures of different oral species (15) have also been reported. These findings suggest a link between salivary glycan foraging and crossfeeding between species, and they emphasize the need for studies that compare the ability of individual oral bacteria to grow in saliva.
In the present study, we combined quantitative PCR (qPCR) with electrophoretic methods to assess the growth and glycan foraging of oral bacteria in stimulated whole saliva that had been stabilized by heat treatment and subsequent dialysis. We compared 32 strains from the early biofilm genera Streptococcus, Actinomyces, Gemella, Granulicatella, Abiotrophia, and Rothia. Growth occurred for only roughly one-third of the strains, most notably those of S. oralis, S. gordonii, and S. mitis, and growth was associated with species-dependent differences in the degradation of basic proline-rich glycoproteins (PRG).
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table 1 . Streptococci and actinomyces were grown in Todd-Hewitt broth (THB; BD, Franklin Lakes, NJ). Granulicatella spp. and Abiotrophia defectiva were grown in brain heart infusion (BHI) broth (Difco; BD, Franklin Lakes, NJ) supplemented with 10 mg/liter pyridoxal-HCl (Sigma-Aldrich, St. Louis, MO). Gemella haemolysans was grown in BHI broth supplemented with pyridoxal and 10% (wt/ vol) horse serum (Remel, Lenexa, KS). All bacteria were grown overnight at 37°C in a 5% CO 2 incubator as static tube cultures (10 ml).
Growth of bacteria in saliva. All work with saliva was performed using plastic tubes and beakers. Stimulated (by chewing Parafilm) whole saliva from two healthy individuals was collected on ice. Volumes of fifty milliliters of each saliva sample were combined, reduced with 1.25 mM (final concentration) dithiothreitol (Sigma-Aldrich) for 10 min with gentle stirring on ice, and then centrifuged at 15,000 ϫ g (4°C) for 30 min. The supernatants were combined and sterile filtered (Express PLUS, 0.22-m pore size; EMD Millipore, Billerica, MA), incubated for 30 min at 70°C, and then dialyzed (12-to 14-kDa-cutoff Spectra/Por tubing; Spectrum Labs, Rancho Dominguez, CA) against two overnight changes (2 liters each) of a saliva-salts buffer (Table 2) based on the composition of synthetic saliva (22) . Dialyzed saliva was centrifuged, filter sterilized again, and stored at 4°C for no longer than 24 h prior to use in growth studies.
Growth experiments were initiated with bacteria from complex medium that were washed twice by centrifugation in saliva, suspended to the original culture volume in saliva, and then diluted 1,000-fold into 2-ml aliquots of saliva (i.e., the primary saliva cultures). Following overnight incubation at 37°C in 5% CO 2 , each primary saliva culture was diluted 1,000-fold into three 6-ml aliquots of fresh saliva (i.e., the secondary saliva cultures) in plastic tubes, which were then incubated for 20 h at 37°C in 5% CO 2 . Uninoculated saliva was incubated as the control. DNA templates for qPCR were prepared by pelleting (14,000 ϫ g for 10 min) bacteria from 1-ml aliquots of each secondary saliva culture taken immediately after inoculation from the primary culture and after overnight incubation. Pellets were suspended in 180 l lysis buffer consisting of 1,670 U/ml mutanolysin (Sigma-Aldrich), 20 mg/ml lysozyme (Sigma-Aldrich), 20 mM Tris HCl, pH 8.0, 2 mM EDTA, and 1.2% Triton X-100 (Sigma-Aldrich) and then incubated for 1 h at 37°C. DNA was extracted from lysed cell suspensions using a DNeasy blood and tissue kit (Qiagen, Valencia, CA) following the manufacturer's protocol for Gram-positive bacteria. Species-specific primers for 16S rRNA genes (Table 3) were designed using Vector NTI 11.5 software (Invitrogen, Carlsbad, CA). Although nonspecific primers would have sufficed for the experiments reported on in detail here, we used the specific primers for all these experiments with an eye toward their use in the mixed-species experiments noted in Discussion. Each 25-l qPCR mixture contained 5 l of DNA template, 12.5 l of iQ SYBR green supermix (Bio-Rad, Hercules CA), 2.5 l of 10ϫ ROX passive reference dye (Bio-Rad), and 2.5 l of each forward and reverse primer at a 10ϫ concentration of 3.33 M. The qPCRs were performed with a Stratagene MX3500P thermal cycler programmed for 3 min at 95°C, followed by 40 cycles of 15 s at 95°C and 30 s at 60°C. Dissociation curves were generated by incubating the reaction products at 95°C for 20 s and 60°C for 20 s, followed by 95°C for 20 s. Fluorescence data were collected at the end of the 60°C primer-annealing step for 40 amplification cycles and throughout the dissociation curve analysis. Melt curve analysis showed a single sharp peak from all primer sets. The cell concentration (cells/ml) was calculated based on standard curves from 10-fold serial dilutions of bacterial genomic DNA (23) . Salivary protein and glycoprotein analyses. Saliva from control and bacterial cultures was filtered (0.22 m) prior to all biochemical assays. Samples were assayed in triplicate for protein and carbohydrate, using the Pierce Micro BCA protein assay kit (Thermo Fisher, Grand Island NY) for protein, with bovine serum albumin as the standard, and the phenolsulfuric acid method for carbohydrate (24) , with glucose as the standard. Samples (5 g salivary protein) for SDS-PAGE were heated at 100°C for 5 min in loading dye (Invitrogen) with 5% ␤-mercaptoethanol (MP Biomedicals, Santa Ana CA) and then loaded on 4 to 12% Bis-Tris gels (Invitrogen, Grand Island, NY). Gels were run with morpholinepropanesulfonic acid (MOPS) buffer and silver stained using the SilverQuest kit (Invitrogen). For lectin blotting, samples (10 g salivary protein) of SDS-PAGE-separated saliva were transferred to nitrocellulose membranes using a Trans-Blot Turbo transfer system (Bio-Rad, Hercules, CA). Transfers were blocked overnight in Tris-buffered saline, pH 7.4, containing 2% polyvinyl alcohol (type II, low molecular weight; SigmaAldrich), 0.1% Tween 20 (Sigma-Aldrich), 1 mM CaCl 2 , 1 mM MnCl 2 , and 1 mM MgCl 2 and then incubated for 2 h with fluorescein-labeled lectins at final concentrations that ranged from 5 to 25 g/ml in blocking buffer. Lectin probes included Sambucus nigra agglutinin (SNA), Erythrina cristagalli agglutinin (ECA), succinylated wheat germ agglutinin (SWGA), and Aleuria aurantia lectin (AAL), all from Vector Laboratories (Burlingame, CA). Galanthus nivalis agglutinin (GNA) was obtained from EY Laboratories (San Mateo, CA). Transfers were washed with phosphate-buffered saline containing 0.1% Tween 20 (SigmaAldrich) to remove unbound lectin and then documented (excitation at 460 nm, emission at 500 to 520 nm, standard resolution, and 500-ms exposure) with an ImageQuant LAS4000 image reader (GE Healthcare Life Sciences, Pittsburgh, PA).
For two-dimensional (2-D) gel electrophoresis, salivary proteins were precipitated with 2 volumes of ice-cold acetone for 30 min at Ϫ20°C prior to centrifugation at 14,000 ϫ g for 30 min at 4°C. Protein pellets were rinsed with ice-cold acetone, air dried, and then resuspended in DeStreak rehydration solution (GE Healthcare). Isoelectric focusing (IEF) strips (11 cm, pH 3 to 10 or 6 to 11, linear; GE Healthcare) were rehydrated overnight with 200 l of sample containing 50 g of protein and 0.5% IPG buffer (GE Healthcare). Focusing was performed using a Protean i12 system (Bio-Rad). Proteins separated by isoelectric focusing were then reduced with dithiothreitol and alkylated with iodoacetamide prior to SDS-PAGE and subsequent silver staining.
Growth of bacteria on host sugars. Experiments were initiated with bacteria from complex medium that were washed and suspended in minimal medium (0.2% yeast extract, 0.2% Casamino Acids in phosphate-buffered saline) to the original culture volume and then diluted 1:20 into minimal medium supplemented with 0.5% (wt/vol) filter-sterilized D-glucose, D-galactose, D-mannose, L-fucose, N-acetyl-D-galactosamine, or N-acetyl-D-glucosamine (all from Sigma-Aldrich) or N-acetylneuraminic acid (Zymetx, Inc., Oklahoma City, OK). Measurements of overnight growth at 37°C were made with a Klett-Summerson colorimeter (red filter) and were corrected for the small amount of turbidity in control cultures that contained minimal medium alone.
RESULTS
Growth of bacteria in whole saliva. In initial studies, we found that overnight incubation of control saliva cultures at 37°C was accompanied by the appearance of mineralized precipitate and a pH shift from neutral to alkaline (ϳ8). These changes, which reflect the metastable nature of whole human saliva (25), were not observed in saliva that was first dialyzed against saliva-salts buffer (Table 2 ) to reduce the concentration of calcium ions (from ϳ1.4 mM to 0.5 mM) and to increase the concentration of phosphate buffer (from ϳ5 mM to 20 mM). Another early obstacle arose from changes in SDS-PAGE and lectin-blotting profiles of control saliva cultures that obscured concomitant changes associated with bacterial growth. Thus, overnight incubation of untreated saliva at 37°C resulted in loss of silver-stained (Fig. 1A) and lectin-binding ( Fig. 1B and C) salivary components (Fig. 1A to C, compare lanes U4 with lanes U37). While the initial protein profiles and lectin binding of treated saliva varied somewhat from those of untreated saliva (Fig. 1A to C, compare lanes U4 with lanes T4), loss of silver stain and of bound lectin in a region around ϳ70 kDa was significantly reduced when saliva was heat treated (70°C for 30 min) 
immediately after collection (Fig. 1A to C, compare lanes T4 with lanes T37). Thus, silver staining and prominent lectin binding of this region occurred in treated and untreated saliva alike (Fig. 1A to C, lanes U4 and T4), but the reactivity of the region was completely lost unless saliva was heat treated (Fig. 1A to C, lanes U37 and T37). The growth of oral bacteria in stabilized saliva was measured by qPCR. Individual experiments were performed three times for all streptococci, for A. oris strain T14V, and for the two nonstreptococci that grew. Otherwise, if an organism failed to grow, no further experiments were conducted, but subsequent biochemical analysis of saliva was performed in every case. Increases in cell density are shown in Fig. 2 and are from one representative experiment with each strain. Upon inoculation, the secondary saliva cultures generally contained from 10 3 to 10 4 cells/ml. After overnight growth, the cell densities of S. gordonii, S. oralis, and S. mitis cultures and also of S. sanguinis ATCC 10556 cultures increased 100-to 1,000-fold (final densities of 10 6 to 10 7 cells/ml). Less growth was noted for strains of Streptococcus mutans, Granulicatella elegans, and Gemella haemolysans, all of which increased 10-to 100-fold (final densities of 10 5 to 10 6 cells/ml). In contrast, strains of Streptococcus parasanguinis, Streptococcus sobrinus, Streptococcus vestibularis, Streptococcus salivarius, Actinomyces spp., Rothia dentocariosa, Abiotrophia defectiva, and the remaining three strains of S. sanguinis either failed to grow or reached at most ϳ8 ϫ 10 4 cells/ml. Thus, only certain streptococci grew well in saliva, whereas an intermediate level of growth was seen with some streptococci, as well as with Gemella haemolysans and one Granulicatella strain. All other strains, including most nonstreptococci, failed to grow.
Growth-related changes in saliva. Significant reductions in total protein (as measured by the Micro BCA assay) and in total carbohydrate (as measured by the phenol sulfuric acid assay) were generally not seen in saliva cultures of different oral species (results not shown). However, clear differences were noted between silver-stained SDS-PAGE profiles of saliva from uninoculated controls and secondary cultures of all S. gordonii, S. oralis, and S. mitis strains (Fig. 3) . Saliva from these streptococcal cultures was devoid of silver-stained protein in the ϳ65-to 75-kDa region. Additional changes included an absence of bands in the 20-to 25-kDa region for S. gordonii cultures and the appearance of bands in the 35-to 55-kDa region for S. oralis cultures. Minor bands in the 50-kDa region also appeared in S. mitis cultures. Saliva from cultures of other bacteria, regardless of whether they were intermediate or poor growers, was indistinguishable from control saliva; G. haemolysans, S. mutans, and A. oris are shown as examples in Fig. 3 .
Similar to the results of one-dimensional (1-D) electrophoresis, 2-D electrophoresis of control saliva and saliva from secondary cultures of S. gordonii DL1, S. oralis strain C104, and S. mitis strain SK137 revealed changes in a relatively small number of components, most notably in a region from control saliva that migrated at ϳ70 kDa that was presumptively identified as basic proline-rich glycoprotein (PRG) (26) by its high pI (Fig. 4) . The apparent molecular mass of PRG in saliva cultures of each streptococcus was shifted downward to the ϳ55-kDa region, and much weaker staining of PRG was seen in saliva from S. gordonii DL1 cultures. Importantly, the novel bands seen in 1-D gels of saliva from cultures of S. oralis C104 and S. mitis SK137 were also shown to migrate at high pI. The growth of strain DL1 (but not of strain
FIG 1 (A to C) Untreated saliva (U) and heat-treated saliva (T) were incubated overnight at 4°C (U4 and T4) or 37°C (U37 and T37). SDS-PAGE gels were
silver stained (A) or transferred to nitrocellulose membranes and incubated with an FITC-conjugated lectin, i.e., either sialic acid-specific SNA (B) or galactose-specific ECA (C). Heat-treatment reduced degradation during incubation at 37°C, and a lectin-binding region at ϳ70 kDa was retained only in treated saliva. C104 or SK137) was also associated with the loss of an acidic proline-rich phosphoprotein that migrated at ϳ25 kDa (26), as well as minor basic components that appeared below 20 kDa. Further resolution of all these key spots was achieved by narrow-range IEF (pH 6 to 11) (Fig. 5) .
Saliva samples from control and secondary cultures of these selected strains were separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with fluorescein isothiocyanate (FITC)-labeled lectins (Fig. 6) . The diffuse ϳ70-kDa band seen in control saliva (as in Fig. 3 ) bound sialic acid-specific SNA, galactose-specific ECA, N-acetylglucosamine-specific SWGA, mannose-specific GNA and L-fucosespecific AAL. Binding of ECA was abolished in saliva from cultures of S. gordonii, S. oralis, and S. mitis, while binding of other lectins was shifted downward in accordance with the downward migration of basic PRG (as in Fig. 4) . Relatively strong binding of lectins other than ECA occurred in the ϳ60-kDa region for saliva from cultures of S. mitis, but weak binding was seen to saliva from cultures of S. gordonii. In contrast, lectin binding to saliva from S. oralis cultures was limited to the novel bands in the 35-to 65-kDa region (Fig. 3) . Differences in the glycan compositions of these bands were suggested by the reaction of all lectins (except ECA) with bands in the 50-to 60-kDa region but of only SWGA and AAL with the most rapidly migrating band (ϳ35 kDa). In contrast with these changes, lectin blots of saliva from cultures of all other bacteria, including those that grew to intermediate levels, such as G. haemolysans and S. mutans, and those that failed to grow, such as A. oris, were like those of control saliva.
Growth of bacteria on host sugars. To complement the studies of growth in saliva, we determined the growth profiles of the strains in minimal medium supplemented with different hostderived sugars (Fig. 7) . All strains grew on glucose, and many also grew on galactose, N-acetylglucosamine, and mannose. However, G. haemolysans, G. elegans, G. adiacens, and R. dentocariosa failed to grow on galactose, S. sobrinus, S. salivarius, S. vestibularis, and R. dentocariosa failed to grow on N-acetylglucosamine, and S. oralis H1, S. mutans, A. oris, and S. sobrinus failed to grow on man-nose. Interestingly, only Ab. defectiva and S. sanguinis SK36 grew on N-acetylgalactosamine, and only strains of Actinomyces spp. grew on L-fucose. Actinomyces spp. also grew on N-acetylneuraminic acid, as did G. haemolysans and certain streptococci, including S. mitis SK137 and three of four S. sanguinis strains. Thus, considerable variation exists in the ability of oral bacteria to grow on different host-derived sugars.
DISCUSSION
The present study was initiated to determine whether members of the dental plaque biofilm community differ in their ability to grow as monocultures in undiluted whole saliva. We stabilized saliva by using heat treatment to inactivate endogenous hydrolytic enzymes. The saliva was then dialyzed to promote pH stability and to eliminate mineral precipitation (as well as to remove potential low-molecular-weight growth substrates), and then it was filter sterilized. Bacteria were transferred from standard growth medium into saliva, incubated overnight to activate salivary-substrate-specific enzymes, and then transferred to fresh saliva at a low density to allow an accurate assessment of growth even when cultures grew poorly. Measurement by PCR rather than CFU reduces potential error arising from clumped cells, and while it is possible that some intrinsic bacterial DNA remained after saliva preparation, the high level of growth seen for many strains suggests the concentration of any such template to be low. Furthermore, species-specific primers reduce the generation of PCR product that might have arisen from amplification of residual DNA template had a general eubacterial primer been used.
After 1 day of growth, the cell densities for strains of S. gordonii, S. oralis, and S. mitis ranged from 10 6 to 10 7 cells per ml (Fig. 2) . Strains of G. haemolysans, S. mutans, and G. elegans reached 10 5 to 10 6 cells per ml. While significant growth of one S. parasanguinis and one S. sanguinis strain was also noted, other strains of these species, as well as strains of S. salivarius, S. vestibularis, S. sobrinus, Actinomyces spp., R. dentocariosa, and Ab. defectiva, grew either poorly or not at all. Changes in the SDS-PAGE profiles of saliva from cultures of these bacteria were limited to strains of S. gordonii, S. oralis, and S. mitis (Fig. 3) and were associated almost exclusively with the degradation of silver-stained protein in the region around 70 kDa. When examined using 2-D electrophoresis (Fig. 4 and 5) , this region was shown to be highly basic, which implied it to be PRG. Conclusive identification by liquid chromatography-tandem mass spectrometry (LC-MS/MS) was obtained in a subsequent study that examined the role of specific cell surface hydrolases in the growth of S. gordonii in saliva (27) .
Deglycosylation that corresponded to changes in PRG migration was also evident from the patterns of labeling on lectin blots (Fig. 6) . The binding of ECA, which reacts well with terminal Gal␤1-4GlcNAc and Fuc␣1-2Gal␤1-4GlcNAc (28, 29) , was abolished in cultures of S. gordonii, S. oralis, and S. mitis, while the binding of other lectins to different features of Nlinked glycan chains shifted from the ϳ70-kDa region in control saliva down to the region from ϳ35 to 60 kDa, which includes the regions (35 to 46 kDa) expected for PRB3 and PRB4 protein chains (30) . N-Acetylglucosamine with an ␣-1-6-linked fucose branch (31) is the innermost (peptide-linked) monosaccharide of PRG. Although structural data are needed to draw an unambiguous conclusion, the binding of only fucose-specific AAL and N-acetylglucosamine-specific SWGA to the 35-kDa band suggests it may be PRG that bears primarily this single disaccharide. Considered together, these findings suggest that species-specific N-glycan foraging of PRG occurs during the growth of oral streptococci and that the abundant protein PRG is an important nutrient in whole stimulated saliva that is biologically available to single bacterial species.
While PRG are readily identified from parotid saliva (32) , this group of closely related proteins (33) has generally not been identified as a prominent component of resting whole saliva (26, 34) . In the present study, PRG in stimulated whole saliva were stable only when the saliva was heat treated immediately after collection (Fig. 1) , which reinforces the concept that degradation of these and other proteins occurs readily through the action of hydrolytic enzymes from oral bacteria. This degradation, like that seen for different mucins (35, 36) , is likewise consistent with an important role for these PRG as substrates for bacterial growth. While the present findings associate growth of S. gordonii, S. oralis, and S. mitis in saliva with glycan foraging of PRG, it is important to note that growth to intermediate cell densities of G. haemolysans, S. mutans, G. elegans, and one strain of S. sanguinis (Fig. 2) was not associated with detectable changes in PRG or other salivary components. 
FIG 5
Silver-stained, narrow-range 2-D electrophoretic profiles of control saliva and of saliva incubated with selected bacteria. PRG isoforms at pI 9 to 10 in saliva incubated with S. oralis (box) are in the same molecular-mass range as bands and spots in boxed regions of Fig. 3 and 4 . They are absent in saliva incubated with S. gordonii but present to a lesser degree in saliva incubated with S. mitis. The spot in the ellipses is degraded only by S. gordonii (cf. dashed circle in Fig. 4) . Degradation of acidic proline-rich protein by S. gordonii is seen here as a loss of the distinct ovoid spot at the arrowheads (cf. dotted boxes in Fig. 3 and 4) . The numbers to the left of the gel are kDa.
Further studies on these oral species are essential to an understanding of salivary growth substrates, including the mucins.
In view of the generally similar sugar utilization patterns between different streptococci (Fig. 7) , we wondered whether growth in saliva might depend on specific cell wall-anchored glycoside hydrolases (GHs) that act on host glycans. To assess this possibility, we used the Carbohydrate-Active Enzyme Database (CAZy; http://www.cazy.org/) (37) to compare the GH profiles of relevant oral species and PROSITE (http://prosite .expasy.org) to identify the LPXTG cell wall-anchor motif in GH amino acid sequences. Interestingly, cell wall-anchored ␤-galactosidase in GH family 2 (GH2), ␤-N-acetylhexosaminidase (GH20), and endo-␤-N-acetylglucosaminidase (GH85) are predicted for S. gordonii strains Challis and KCOM 1506. In addition to these GHs, cell wall-anchored sialidase (GH33), N-acetyl ␤-glucosaminidase (GH84), endo-␣-N-acetylgalactosaminidase (GH101), and two ␣-L-fucosidases (GH29 and GH95) are predicted for S. oralis strains Uo5 and ATCC 35037. In our study, all S. gordonii and S. oralis strains grew well in saliva (Fig. 2) . S. mitis strains also grew well, and cell wall-anchored GH33, GH84, and GH85 are predicted for S. mitis strains B6 and KCOM 1350. Furthermore, strain B6 also has cell wall-anchored GH2, GH20, and GH101. In addition to the GHs present in B6 and KCOM 1350, S. mitis strain SVGS_061 has four more cell wall-anchored GHs. In contrast, no cell wall-anchored GHs are predicted for S. sobrinus strain TCI-107, S. vestibularis strain F0396 (B. Henrissatt, personal communication), Actinomyces oris strain T14v, Rothia dentocariosa ATCC 17931, and numerous S. salivarius strains. These species all grew poorly in our experiments. In recent studies to assess the role of cell wall-anchored GHs in salivary glycan foraging (27) , we deleted genes for the three cell wall-anchored GHs of S. gordonii DL1, which are homologous to pneumococcal ␤-galactosidase (BgaA), ␤-N-acetylglucosaminidase (StrH), and endohexosaminidase D (EndoD). Importantly, the loss of these enzymes resulted in a 20-fold reduction in the growth of DL1 in saliva and abolished the degradation of PRG.
However, cell wall-anchored GHs are not predicted for several strains of S. mutans and for Gemella haemolysans strain 10379 (B. Henrissatt, personal communication), two species that grew to intermediate cell densities in our study. From the opposite perspective, cell wall-anchored GH20, GH29, and GH85 are predicted for S. parasanguinis strains ATCC 15912 and FW213, and the latter strain also has cell wall-anchored GH2. However, these strains grew poorly in saliva. The only S. sanguinis strain in the CAZy database is SK36; it lacks cell wall-anchored GHs and it grew poorly, as did S. sanguinis strains SK112 and SK45. Yet, quite unexpectedly, S. sanguinis strain 10556 grew well. Clearly, additional studies are needed to define the roles of different cell surface GHs in bacterial growth on saliva. Variation in GH complements may be important for the fitness of specific strains (38) within nascent biofilm communities through cross-feeding by closely associated cells.
The failure of Actinomyces spp. to grow in saliva (Fig. 2) is consistent with the possibility that the growth of these bacteria in dental plaque depends on interactions with other species. Indeed, enhanced growth of both A. naeslundii strain T14V and S. oralis strain 34 was noted when these strains were cocultured as a biofilm in 25% saliva (8) . In the present study, a similar enhancement of growth was not observed in planktonic cocultures of these strains or of several other strain pairs (results not shown). Despite these results, certain observations made in the present study are compatible with the concept that salivary glycan foraging is linked with cross-feeding between these species. The Actinomyces spp. do not encode putative ␣-L-fucosidases, but they grow on L-fucose (Fig. 7) , whereas S. oralis produces two cell wall-anchored ␣-L-fucosidases but does not grow on L-fucose. Moreover, S. oralis lacks genes for L-fucose utilization like those identified in S. pneumoniae (39) . Thus, cleavage of L-fucose from salivary glycoproteins by S. oralis may well promote the growth of A. oris when these organisms are closely associated in dental plaque biofilms. 
